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ABSTRACT

DEVELOPMENT OF A VERSATILE SILICON-BASED BIOSENSOR PLATFORM
FOR PATHOGEN DETECTION

By

Finny P. Mathew

Biosensors are portable diagnostic tools used for the rapid detection of pathogens
that may require up to 2-7 days to detect otherwise. Biosensors are important in the fields
of human and animal diagnostics, bioterrorism preparedness, food and water safety, as
well as environmental safety. So a versatile silicon-based biosensor platform for the
detection of bacteria that could be used with different biological detecting elements and
transducers was fabricated and demonstrated. Silicon (0.01 ohm-cm, p-type) was etched
in an electrochemical cell containing hydrofluoric acid solution using anodizing
conditions of 5 mA/cm’® for 1 h to fabricate nano-tubular Si (NTS). NTS chips were
functionalized into biosensors using biological sensing elements such as enzymes,
antibodies and nucleic acids. A chemiluminescence-based enzyme assay was adapted to
the biosensor system for the detection of E. coli resulting in a lower detection limit of 10°
CFU within 30 min. The NTS-based platform was also functionalized into an optical
immunosensor to successfully detect a pure culture of Salmonella Typhimurium within
10 min. Finally, a DNA-based NTS biosensor was developed using an electrochemical
transducer for the detection of Salmonella Enteritidis. The NTS DNA biosensor was able
to detect S. Enteritidis DNA with a lower limit of detection of 1 pg/ul for PCR-amplified
DNA and 10 pg/ul for pure culture-extracted DNA. The electrochemical detection

process was completed within 60 min. The versatility of the NTS platform for pathogen
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detection was successfully demonstrated using three different biological sensing elements
(enzyme, antibody, and DNA) and two detection methods (optical and electrochemical).
Development of commercial biosensing devices using the NTS platform will strengthen
biosecurity measures, enable improvement in human and animal health as well as quality
assurance in food industry, while also reducing costs associated with loss of productivity,

food product recalls and lawsuits.
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CHAPTER 1: INTRODUCTION

The causes of foodborne illness include viruses, bacteria, parasites, fungi, toxins, and
metals with the symptoms ranging from mild gastroenteritis to life-threatening
neurological, hepatic, and renal problems. According to a report from the Centers for
Disease Control and Prevention (CDC), it is estimated that foodborne diseases cause
approximately 76 million illnesses, 325,000 hospitalizations, and 5,000 deaths in the
United States each year. Researchers at the Economic Research Service (ERS) of the
United States Department of Agriculture (USDA) estimate that the total annual medical
cost associated with foodborne illness caused by pathogens (known and unknown) is
$6.5-$9.4 billion.

The diagnosis of a foodborne disease is usually confirmed by cultures of stool or
blood, which takes 2-3 days. Foodborne disease outbreaks lead to huge economic losses
due to costs associated with lost work hours, lawsuits, and product recalls. Thus,
detection of any foodborne pathogen is necessary before the contaminated product
reaches the market.

Traditional methods are laborious, require technical expertise, and often several
biochemical and serological tests have to be performed to identify pathogens, making
these methods very time consuming (2-7 days). Rapid methods being developed usually
take about 18-24 h (including the time required for sample processing and pre-
enrichment).

Biosensors are portable diagnostic tools used for the rapid detection of metabolites,
drugs, hormones, antibodies, and antigens. Biosensors are defined as analytical devices

incorporating a biological material intimately associated with or integrated within a
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physicochemical transducer or transducing microsystem. While many of the biosensor
applications are in the medical field, recent developments have been in the detection of
pathogens especially for bioterrorism prepraredness.

Various platforms have been employed to fabricate biosensors, such as silicon (Si),
silicon dioxide, fiber optics, filter paper, quartz, and glass. Nano-tubular Si (NTS) has
recently been investigated as a potential platform for biosensor applications. Most of the
recent developments in porous silicon sensors carry out a deposition step to fill the pores
with metallic, dielectric or semiconducting oxide, enzyme, or molecular receptor films.
This process has resulted in porous silicon sensors capable of detecting or measuring
penicillin, alkali metal ions, humidity, and hydrocarbons. However, the use of NTS as a
biosensor platform for detecting pathogens has not been reported.

This study was focused on developing a NTS-based biosensor platform and
demonstrating its versatility by using three different biological sensing elements aimed at
three different target pathogens and two transduction principles. The biosensor was
fabricated using microfabrication and electrochemistry techniques and had the following
characteristics: high sensitivity and specificity with an assay time of 60 min or less. The
fabrication of NTS, its functionalization into biosensors using different biological
detectors, and biosensor testing with Escherichia coli and two Salmonella enterica

strains using optical and electrochemical transducers are described here.
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CHAPTER 2: LITERATURE REVIEW

2.1 MICROBIOLOGICAL DETECTION METHODS
2.1.1 Introduction

More than 200 diseases are known to be transmitted through food, and these are
caused by 40 different foodborne pathogens, including fungi, viruses, and bacteria (Mead
et al., 1999). The Centers for Disease Control and Prevention (CDC) estimates that
foodborne diseases cause approximately 76 million illnesses, including 325,000
hospitalizations and 5000 deaths in the US each year (Mead ef al., 1999). The estimated
annual cost of human illness caused by a group of seven pathogens (including six
bacteria: Salmonella, Listeria, Campylobacter, E. coli O157:H7, Staphylococcus aureus,
and Clostridium perfringens) commonly associated with foodborne outbreaks is $5.6-9.4
billion annually (Buzby et al., 1999).

Traditional methods for the detection of bacteria involve the following basic steps:
preenrichment, selective isolation, and biochemical screening, as well as serological
confirmation for certain pathogens. Hence, a complex series of tests is often required
before any identification can be confirmed. These methods are laborious and may require
a certain level of expertise to perform. The results of such tests are often difficult to
interpret and not available on the time scale desired in the food quality assurance or
clinical laboratory. Food sample testing also presents problems with the inadequacy of
sampling protocols, and the presence of organic matter, as well as non-target bacteria.
Therefore, the detection of target foodborne pathogens (for example, Salmonella) may be
problematic due to low numbers present and may result in a false culture negative

response. Moreover, four to seven days are generally required to confirm the presence of
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the pathogens (Food and Drug Administration, 2000), which has safety, cost, and quality
implications for the food, medical, and biodefense sectors. Rapid detection methods for

pathogens have hence become a necessity.

2.1.2 Rapid Detection Methods

New rapid detection technologies can be very sensitive, but analysis time is usually
lengthy. For example, the polymerase chain reaction (PCR), a molecular method, can be
used to amplify small quantities of genetic material to determine the presence of bacteria.
The PCR method is extremely sensitive and can be used for various target pathogens, but
requires pure samples and hours of processing and expertise in molecular biology (Meng
et al., 1996; Sperveslage et al.,, 1996; Tsukamoto and Kanki, 1999; Almeida and
Almeida, 2000; Narimatsu ef al., 2001; Hong et al., 2003; Tims and Lim, 2003).

In response to this problem, considerable effort is now directed towards the
development of methods that can rapidly detect low concentrations of pathogens in water,
food and clinical samples. For this purpose, several instruments have been developed
using various principles of detection, e.g., chromatography, infrared or fluorescence
spectroscopy, bioluminescence, flow cytometry, impedimetry, and many others (Nelson,
1985; Wyatt, 1995; Hobson et al., 1996; Perez et al., 1998). Initial instruments developed
for bacterial identification counted the cells by microscope or by flow cytometry; infrared
spectroscopy; measuring physical parameters by piezocrystals, impedimetry, redox
reactions, optical methods, calorimetry, ultrasound techniques and detecting cellular
compounds such as ATP (by bioluminescence), DNA, protein and lipid derivatives (by
biochemical methods), radioactive isotopes (by radiometry) (Nelson, 1985; Rossi and
Warner, 1985; Ramsay and Turner, 1988; Rodrigues and Kroll, 1990; Ding et al., 1993;

Sharpe, 1994; Swaminathan and Feng, 1994; Hobson et al., 1996; Wang et al., 1997;
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Fratamico et al.,, 1998; Gunasekera et al., 2000). Among these, the primary physico-
chemical methods of bacterial identification are those that involve the detection of some
naturally occurring component of the bacterium. For example, the Microbial
Identification System (MIS; Microbial ID, Inc., Newark, DE) uses gas chromatography to
produce a fatty acid profile for detection and identification of microorganisms
(Swaminathan and Feng, 1994; Crist Jr. et al., 1996).

The enzyme-linked immunosorbent assay (ELISA) is probably the most commonly
used immunological assay because of its versatility, sensitivity (ability to detect small
amounts of antigen or antibody), specificity (ability to discriminate between closely
related but antigenically different molecules), and ease of automation. Chemicals and
substrates used in ELISA are safer than radioisotopes used in radioimmunoassay. The
process can be easily automated for performance of large numbers of tests. The VITEK
immunodiagnostic assay system (VIDAS®, bioMérieux, Inc., Durham, NC) is an
automated, qualitative, enzyme-linked fluorescent immunoassay method. Comparative
studies with a variety of food types have found favorable correlation between
conventional test methods and the VIDAS system (Blackburn et al., 1994; Curiale et al.,
1997; De Medici et al., 1998; Walker et al., 2001). Wyatt et al. (1996) observed a 70-
80% agreement between the ELISA and the culturing method. The ELISA had a false-
positive rate of 17% and a false-negative rate of 26%, which appeared to be due to
insufficient growth of Salmonella spp. in the preenrichment broth employed in the
ELISA, rather than lack of recognition by the antibodies.

Real-time PCR approaches have recently emerged as a preferred DNA-based

diagnostic tool in both medical and agricultural fields (Marin et al., 2004; Skof et al.,
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2004; Wada et al., 2004; Whiley et al., 2004; Connor et al., 2005; Farrell et al., 2005;
Penders et al., 2005; Rudi ef al., 2005; Uchida et al., 2005). Real-time quantitative PCR
is increasingly being used for pathogen detection and quantification in foods (Norton,
2002). There are still two major challenges with the widespread use of PCR for
quantitative diagnostics. The detection limit is mainly determined by the amount of
material that can be amplified in a single reaction. The other major limitation is the
detection of DNA from dead cells (Herman, 1997; McKillip et al., 1999; Nogva et al.,
2003). This is a particular problem for processed foods or foods subjected to long-time
storage, wherein ‘false’ positives from dead cells could lead to unnecessary economic
losses. Moreover, all the above methods require expensive, multiple, specialized, or large
equipment.
2.1.3 Electronic Nose

‘Electronic nose’ systems have advanced rapidly during recent years, with most
applications being within the food and beverage industries (Schaller et al., 1998;
Benedetti et al., 2004; Garcia-Gonzalez et al., 2004; Lui et al., 2005; Marti et al., 2005).
Electronic nose systems are comprised of sophisticated hardware, with sensors,
electronics, pumps, flow controllers, and software, such as data pre-processing, and
statistical analysis (Schaller et al., 1998). The sensor array of an electronic nose responds
to both odorous and odourless volatile compounds. In the electronic nose, a computer
collects the signal pattern from a sensor array, comprised usually of individual sensing
elements with limited specificity, wherein the first pre-treatment of the data is carried out.
These data are then further processed by suitable software based on artificial neural
networks approach for training and learning (Benedetti et al., 2004; Dutta et al., 2004).

At present, different detection principles (heat generation, conductivity, electrochemical,



optical. di
electronic
following
compound
short reco
1998). Ant
quality (N,
al,2004),
2003). Gib
resistive gg
More recen
network wa
0157:H7 s
ad the pop,
Younts a
Artifici
life of Sensc
Smfﬁge qua
fepid detec

Ch&nges in |

lSﬁIates of




optical, dielectric, and magnetic properties) are used in the basic sensing elements of the
electronic nose. The ideal sensors to be integrated in an electronic nose should fulfill the
following criteria: high sensitivity (down to 107> g/ml), must respond to different
compounds present in the headspace of the sample, high stability and reproducibility,
short recovery time, easy calibration, and must be robust and portable (Schaller et al.,
1998). Artificial electronic noses have been used to assess cheese, and alcoholic beverage
quality (Marti et al., 2005; Trihaas and Nielsen, 2005), beef spoilage (Balasubramanian et
al., 2004), freeze damage in oranges (Tan et al., 2005), and fruit ripeness (Brezmes e? al.,
2005). Gibson et al. (1997) reported on the use of an array of 16 conducting-polymer
resistive gas sensors to detect 12 different bacteria from cultures grown on agar plates.
More recently, an electronic nose based on gas sensors coupled with an artificial neural
network was developed for E. coli O157:H7 detection and its differentiation from non-
0157:H7 isolates. The differences between the ‘gas signatures’ of the E. coli O157:H7
and the non-O15:H7 isolates were successfully detected using neural network algorithms
(Younts et al., 2002; Younts et al., 2003).

Artificial/electronic noses offer advantages such as simplicity of design, long shelf
life of sensors, capability for long-term continuous monitoring (for example, in produce
storage quality studies), and non-destructive testing. However, they cannot be used for
rapid detection of pathogens as they take a minimum of 12-24 h to detect significant
changes in gas patterns emitted from a sample. Also, identifying a unique gas signature
for each target pathogen may not be possible, and variations in gas emission within

isolates of the pathogen increase the probability of false positive/negative outputs.
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2.1.4 Biosensors

The disadvantages with culture techniques, molecular and ELISA assays, as well as
electronic noses have led to the development of several alternative methods (including
biosensors) for the rapid detection of the presence of pathogens. Biosensors have
emerged as highly promising for rapid diagnosis. The general function of a biosensor is
to convert biological events into a quantifiable electrical response (Cahn, 1993). A
biosensor consists of a platform, a biological sensing element, and a transducer.
Transducers used in biosensors to report these biological events are electrical,
electrochemical, optical, piezoelectric crystal, or acoustic wave in nature. The sensing
element used in the construction of biosensors can vary from entire sections of tissue to
individual molecules such as cells, enzymes, antibodies, and DNA oligonucleotides.
Transducers used in biosensors with different kinds of biological sensing elements are
discussed below.

2.1.4.1 Biological sensing elements
2.14.1.1 Whole cells and tissues

The use of tissue and whole (living) cells can impart certain advantages to a sensor,
especially when subjected to suboptimal conditions. Biosensors based on whole cells as
biorecognition elements are used as genotoxicity and toxicity sensors, targeting
environmental pollutant analysis but have much far applications for food contaminant
detection. Bacteria or yeast cells, genetically engineered to bear the /ux or luc gene
operon, express luminescence proteins such as the green fluorescence protein (GFP), and
are used for detection of environmental pollutants, monitoring water quality, and stress
response (Kohler et al., 2000; Gu and Choi, 2001; Weitz et al., 2001; Bechor et al., 2002;

Horsburgh et al., 2002; Kostrzynska et al., 2002). Other signal reporter systems such as
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bacterial luciferase, insect luciferase, B-galactosidase, and alkaline phosphatase have also
been employed (Baeumner, 2003). Biran er al. (2000) developed an electrochemical
biosensor for cadmium using genetically engineered microorganisms for non-
luminescence signal generation with the /acZ gene. Plants and tissues as well as higher
whole organisms have been used in some biosensor applications in recent years. These
range from algae to soybeans, and nematodes. For example, Shvetsova et al. (2002)
suggested the use of soybeans and their electrophysiological response to acid rain and
other environmental stress conditions as a potential biosensor system. The biggest
drawback of cell and tissue based biosensors is the problem of selectivity and slow
response times, thus restricting their applicability.
2.1.4.1.2 Enzymes

The limitations of whole cell and tissue-based biosensors can be overcome by the use
of enzymes, which represent the most commonly used sensing agent for chemical targets.
Pesticides, especially insecticides, have traditionally been an application area for enzyme-
based sensor systems. Many of them reach detection limits set forth by governmental
agencies for environmental samples, infant food, etc., making them attractive alternatives
to conventional analysis systems (Karube and Nomura, 2000; Rekha et al., 2000). For
example, acetylcholine esterases were used for the detection of organophosphates and
carbamates in single-use devices such as screen-printed electrodes in both, environmental
and food samples (Albareda-Sirvent et al., 2001b, 2001a; Avramescu et al., 2002;
Schulze et al., 2002a; Schulze et al., 2002b; Marques et al., 2004; Timur and Telefoncu,
2004). In food analysis, the freshness-test applied to the analysis of fish, sauerkraut,

tomato paste, and instant food (Frebort et al., 2000; Niculescu et al., 2000; Kriz et al.,
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2002; Lange and Wittmann, 2002; Mitsubayashi et al., 2004), antibiotic detection in milk
(Gustavsson et al., 2002), and detection of phytotoxins found in seafood (Botre and
Mazzei, 2000) are some of the other enzyme-based biosensor applications reported.

Literature describing the detection of pathogenic bacteria using enzyme-based
biosensors is limited. Sensors are found for the detection of E. coli O157:H7 and
Salmonella Typhimurium with a bienzyme electrode chicken carcass wash water, ground
beef, and fresh-cut broccoli (Yang et al., 2001; Ruan et al., 2002a). Escherichia coli was
detected in environmental samples based on culture-enhanced amperometric and
chemiluminescence principles with detection limits of about 10,000 cells per 100 ml of
environmental sample within one working day (Nistor et al., 2002). Low sensitivity and
poor specificity of enzyme-based biosensors for pathogen detection limit the application
of such techniques.

2.1.4.1.3 Antibodies and receptors

Biological sensing elements based on antibody and receptor molecules are grouped
in this section, since their application area and functionality are very similar. Recently,
the analytes targeted ranged from antibiotics in milk to general environmental monitoring
to heavy metals to pathogens. The traditional application area of immunosensors is for
pesticide detection in environmental samples and food matrices. Strachan et al. (2001)
described the use of antibodies for the detection of atrazine, mecoprop, diuron, and
paraquat emphasizing their superiority over other bioanalytical systems due to their
functionality in aqueous and also organic solvents. Other environmental pollutants
including PCBs were detected using screen-printed electrodes (Laschi and Mascini,
2002). In food contaminant analysis, sulfonamides (Bjurling et al., 2000) and toxins, such

as aflatoxin, fumonisin B1, cholera toxin, and staphylococcal enterotoxin B, were
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targeted in a variety of foods (Ho and Durst, 2000; Rasooly, 2001; Maragos, 2002; Ho
and Durst, 2003; Medina, 2003; Rucker et al., 2005). Antibody-based biosensors have
been used for the detection of antibiotic and other drug residues in food samples, e.g.,
penicillin, streptomycin, and gentamicin in milk samples (Delwiche et al., 2000;
Haasnoot and Verheijen, 2001; Haasnoot et al., 2002).

Finally, immunosensors have also been developed for pathogen analysis, but only
some of these exhibit excellent detection limits with relatively short analysis times. A
quartz crystal microbalance (QCM)-based biosensor was used to detect Salmonella sp. in
milk samples with detection limits around 10 CFU/ml (Park et al., 2000). Listeria and
Salmonella enterica were detected with a similar detection limit by a surface plasmon
resonance (SPR) biosensor (Koubova et al., 2001b). QCM and SPR biosensors for
different bacterial targets, such as Pseudomonas aeruginosa, Bacillus cereus, and E. coli
0157:H7, were later developed by researchers (Vaughan et al., 2003; Kim et al., 2004;
Su and Li, 2004; Su and Li, 2005), and showed no significant improvement in detection
limits. In a dipstick-type assay, Park and Durst (2000) were able to detect E. coli
O157:H7 in food matrices at a low detection limit of about 10> CFU/ml without any
enrichment required.

An impedance biosensor chip for detection of E. coli O157:H7 was developed based
on the surface immobilization of affinity-purified antibodies onto indium tin oxide (ITO)
electrode chips, with a detection limit of 6 x 10° cells/ml (Ruan ef al., 2002b). Shah ef al.
(2003) developed an amperometric immunosensor with a graphite-coated nylon
membrane serving as a support for antibody immobilization and as a working electrode.

This approach was used for detection of E. coli with a low detection limit of 40 CFU/ml.
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An antibody-based conductimetric biosensor developed by Muhammad-Tahir and
Alocilja also showed a similar detection limit of 50 CFU/ml for bacteria and 10° cell
culture infective dose (CCID)/ml for virus within 10 min (Muhammad-Tahir and
Alocilja, 2003a; Muhammad-Tahir and Alocilja, 2003b; Muhammad-Tahir et al., 2005a,
2005b).

An antibody-based fiber-optic biosensor, to detect low levels of L. monocytogenes
cells following an enrichment step, was developed using a cyanine 5-labeled antibody to
generate a specific fluorescent signal. The sensitivity threshold was about 4.3x10°
CFU/ml for a pure culture of L. monocytogenes grown at 37°C. Results could only be
obtained after 2.5 h of sample processing. In less than 24 h, this method could detect L.
monocytogenes in hot dog or bologna naturally contaminated or artificially inoculated
with 10 to 10° CFU/g after enrichment in buffered Listeria enrichment broth (Geng et al.,
2004). In another study, a microcapillary flow injection liposome immunoanalysis system
(mFILIA) was developed for the detection of heat-killed E. coli O157:H7. Liposomes
tagged with anti-E. coli O157:H7 and an encapsulating fluorescent dye were used to
generate fluorescence signals measured by a fluorometer. The mFILIA system
successfully detected as few as 360 cells/ml with a total assay time of 45 min (Ho et al.,
2004).

The ability to detect small amounts of materials, especially bacterial organisms, was
demonstrated using micro electromechanical systems (MEMS) for the qualitative
detection of specific Salmonella enterica strains with a functionalized silicon nitride
microcantilever. Detection was achieved due to a change in the surface stress on the

cantilever surface in situ upon binding of a small number of bacteria with less than 25
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adsorbed bacteria required for detection (Weeks et al., 2003). A MEMS fabricated high-
density microelectrode array biosensor, developed for the detection of E. coli O157:H7
using a change in impedance caused by the bacteria measured over a frequency range of
100 Hz-10 MHz, was able to detect and discriminate 10°-10’ CFU/ml (Radke and
Alocilja, 2005).

The potential use of immunosensors is due to their general applicability, specificity
and selectivity of the antigen-antibody reaction, and the high sensitivity of the method,
depending on the detection method used. The antigen-antibody complex may be utilized
in all types of sensors. The physichochemical change induced by antigen-antibody
binding does not generate an electrochemically detectable signal. Therefore, enzymes,
fluorescent compounds, electrochemically active substrates, or avidin-biotin complexes
are used to label either the antigen or the antibody to detect the biological recognition
event. Immunosensors cannot be employed to specifically detect viable cells. The
antibodies used are selective to the epitope on the antigen. If the epitope is present on a
living or dead microorganism, the antibody will capture the antigen and register a
positive signal. In the case of bacterial foodborne pathogens that must be ingested by the
host to cause disease, a positive result from non-viable cells may raise false alarm.

2.1.4.1.4 DNA and RNA

A nucleic acid (gene) probe is a segment of nucleic acid that specifically recognizes,
and binds to, a nucleic acid target. The recognition is dependent upon the formation of
stable hydrogen bonds between the two nucleic acid strands. This contrasts with
interactions of antibody-antigen complex formation where hydrophobic, ionic, and
hydrogen bonds play a role. The bonding between nucleic acids takes place at regular

(nucleotide) intervals along the length of the nucleic acid duplex, whereas antibody-
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protein bonds occur only at a few specific sites (epitopes). The frequency of bonding is
reflected in the higher association constant for a nucleic acid duplex in comparison with
an antibody-protein complex, and thus indicates that highly specific and sensitive
detection systems can be developed using nucleic acid probes (McGown et al., 1995;
Skuridin et al., 1996). The specificity of nucleic acid probes relies on the ability of
different nucleotides to form bonds only with an appropriate counterpart. Since the
nucleic acid recognition layers are very stable, an important advantage of nucleic acid
ligands as immobilized sensors is that they can easily be denatured to reverse binding and
then regenerated simply by controlling buffer-ion concentrations (Graham et al., 1992).
Most nucleic acid biosensors are based on this highly specific hybridization of
complementary strands of DNA and also RNA molecules.

The detection of bacteria and other pathogens in food, drinking water, and air, based
on their nucleic acid sequences, has been explored using various detection systems.
Biosensors have been developed to detect DNA hybridization at sub-picomolar to
micromolar levels using gravimetric detection systems (Sung Hoon ef al., 2001). A
quartz crystal nanobalance system could detect DNA hybridization at 0.3 nanogram
levels using frequency shift nanogravimetric measurement (Nicolini et al., 1997).
Tombelli et al. (2000) developed a DNA piezoelectric biosensor for the detection of
bacterial toxicity based on the detection of PCR amplified aer gene of Aeromonas
hydrophila. The biosensor was applied to vegetables, environmental water, and human
specimens. The biosensor was able to successfully distinguish between samples
containing the pathogen and those not contaminated. Zhao et al. (2001) developed a

QCM biosensor using 50 nm gold nanoparticles as the amplification probe for DNA
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detection in the order of 10 fM of target, which was higher than what has been ever
reported using the same method. The high sensitivity was explained by the weight of the
larger particles, and the larger area occupied by the larger particles that needed less target
DNA for their binding. Another QCM biosensor applied to the detection of E. coli in
water in combination with PCR amplification (of the lac gene) was able to detect a 10 fg
of genomic E. coli DNA (few viable E. coli cells in 100 ml of water) (Mo et al., 2002).
When used for detection of Hepatitis B virus, Zhou et al. (2002) observed that the QCM
could detect frequency shifts of DNA hybridization as a linear relationship in the range
0.02-0.14 pg/ml with a detection limit of 0.1 pg/ml, similar to the QCM biosensor
developed by He and Liu (2004) for Pseudomonas aeruginosa. While QCM biosensors
have been demonstrated to successfully detect bacterial and viral targets, they rely on
PCR amplification of the target due to poor sensitivity, in addition to requiring 3-12 h for
DNA hybridization and detection.

Optical biosensor systems developed for DNA detection exhibit higher sensitivity
compared to the QCM biosensors. An automated optical biosensor system based on
fluorescence excitation and detection in the evanescent field of a quartz fiber was used to
detect 16-mer oligonucleotides in DNA hybridization assays. The detection limit for the
hybridization with a complementary fluorescein-labeled oligonucleotide was 2 x 108 M
(Abel et al., 1996). Another optical fiber evanescent wave DNA biosensor used a
molecular beacon (MB) DNA probe that became fluorescent upon hybridization with
target DNA. The detection limit of the evanescent wave biosensor with synthesized
complementary DNA was 1.1 nM. Testing with environmental samples was not

performed (Liu and Tan, 1999). Liu ef al. later developed MB-DNA biosensors with
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micrometer to submicrometer sizes for DNA/RNA analysis. The MB-DNA biosensor
was highly selective with single base-pair mismatch identification capability, and could
detect 0.3 nM and 10 nM of rat gamma-actin mRNA with a 105-pm biosensor and a
submicrometer (0.1 pm) biosensor, respectively (Liu et al., 2000).

Optical biosensors targeting RNA as the analyte offer an added advantage over
traditional DNA-based detection methods, i.e., viable cell detection. Baeumner et al.
(2003) detected as few as 40 E. coli cells/ml in samples using a simple optical dipstick-
type biosensor coupled to Nucleic Acid Sequence Based Amplification (NASBA),
emphasizing the fact that only viable cells were detected, and no false positive signals
were obtained from dead cells present in a sample. The detection of viable cells is
important in respect to safety, and also food and environmental sample sterilization
assessments. Similarly, a biosensor for the protozoan parasite Cryptosporidium parvum
was developed (Esch et al., 2001). Hartley and Baeumner (2003) developed a simple
membrane strip-based biosensor for the detection of viable Bacillus anthracis spores. The
study combined the optical detection process with a spore germination procedure as well
as a nucleic acid amplification reaction to identify as little as one viable B. anthracis
spore in 12 h. A quantitative universal biosensor was developed on the basis of
olignucleotide sandwich hybridization for the rapid (30 min total assay time) and highly
sensitive (1 nM) detection of specific nucleic acid sequences (Baeumner et al., 2004).
The biosensor consisted of a universal (polyethersulfone) membrane, a universal dye-
entrapping liposomal nanovesicle, and two oligonucleotides — a reporter and a capture
probe that could hybridize specifically with the target nucleic acid sequence. Limits of

detection of 1 nM per assay and dynamic ranges between 1-750 nM were obtained. While
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the RNA-based biosensor can be an excellent tool for detection of viable bacterial cells,
inherent disadvantages to the technique include the short life span of the mRNA target,
high susceptibility to contaminants and inhibitors from environmental and food samples,
and need for complex detection systems.

Other biosensors targeting DNA that have been developed include MEMS-based
amperometric (Gau et al., 2001) and high throughput PCR biosensors (Nagai et al.,
2001), carbon nanotube-based field effect transistor biosensor (Maehashi et al., 2004),
microcantilever-based cyclic voltammetry biosensor (Zhang and Li, 2005), pulsed
amperometry- (Ramanaviciene and Ramanavicius, 2004), capacitance- (Berney et al.,
2000; Lee et al., 2002), and absorbance-based biosensors (Mir and Katakis, 2005).
Several electrochemical DNA biosensors have been developed that will be discussed
further (Yan et al., 2001; Cai et al., 2002; Meric et al., 2002; Ye et al., 2003; Kara et al.,
2004; Lee et al., 2004; Del Pozo et al., 2005; Wong and Gooding, 2005).

2.1.4.2 Transducers

2.1.4.2.1 Bioluminescence sensors

This phenomenon of bioluminescence is the ability of certain enzymes to emit
photons as a byproduct of their reactions. Bioluminescence may be used to detect the
presence and physiological condition of cells. The potential applications of
bioluminescence for bacterial detection involve the development of luciferase reporter
phages that infect host bacteria, conferring a bioluminescent phenotype to previously
non-bioluminescent bacteria. Bioluminescence systems have been used for detection of a
wide range of microorganisms and environmental toxicity markers (Prosser, 1994;
Prosser et al., 1996; Ramanathan et al., 1998; Weitz et al., 2001; Bechor et al., 2002;

Bolton et al., 2002; Shao et al., 2002; Farre and Barcelo, 2003). Folley-Thomas et al.
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(1995) used the TM4 bacteriophage to detect Mycobacterium avium and M.
paratuberculosis. However, a concentration of 10* cells was required to produce a
detectable luciferase signal, and the response declined after 2 h. Using the same
approach, Salmonella spp. and Listeria were also detected (Turpin et al., 1993; Chen and
Griffiths, 1996). A sensitive and specific method was developed for the specific detection
of Salmonella Newport and E. coli (Blasco et al., 1998) using ATP bioluminescence.
Increased sensitivity was obtained by focusing on the bacteria’s adenylate kinase as the
cell marker instead of ATP. Light emission was proportional to cell numbers over three
orders of magnitude, and 10* cells were readily detectable in a 0.1 ml sample. The
bioluminescence approach is an attractive approach due to its extremely high specificity
and the inherent ability to distinguish viable from non-viable cells. However, the main
disadvantages are the relatively long assay time and lack of sensitivity when low numbers
of bacteria are to be detected.

2.1.4.2.2 Optical biosensors

Optical transducers are attractive for application to direct, label-free, detection of
bacteria. These sensors are able to detect minute changes in the refractive index or
thickness that occur when cells bind to receptors immobilized on the transducer surface.
Several optical techniques have been reported for detection of bacterial pathogens
including: waveguides (Lukosz et al., 1991; Zhou et al., 1991; Amato et al., 2000; Rowe-
Taitt et al., 2000; Demarco and Lim, 2002; Lim, 2003), surface plasmon resonance (Kai
et al., 2000; Haes and Van Duyne, 2002; Chen ef al., 2003; Medina, 2003; Leonard et al.,
2004), ellipsometry (Swenson, 1993; Bae et al., 2005), the resonant mirror (Watts et al.,
1994; Watts et al., 1995; Hirmo et al., 1998; Lathrop et al., 2003), and the interferometer

(Schneider et al., 1997, Liu et al., 2002).
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Swenson (1993) utilized an ellipsometric technique for the development of a label-
free instrument for detection of bacteria. The main component of the biosensor was an
optical unit that consisted of an excitation source and a photodiode detection system.
Metabolizing bacteria would result in an increased CO; concentration, which in turn
affected an emulsion of aqueous colorimetric pH indicator, thus modulating the
fluorescence detected at the photodiode.

The resonant mirror is another technique that can be used for direct detection of
bacteria (Cush et al., 1993). It is based on the use of a thin layer (~100 nm) of a high
refractive index dielectric material and a thicker layer (~1 mm) of low refractive index
material. At certain angles of incidence, light may be coupled into the high refractive
index layer where it undergoes multiple internal reflections at the top interface, allowing
an element of light, the evanescent wave, to penetrate to the sample overlayer. On
reflection, the light undergoes a phase change, and by monitoring the angle at which this
occurs, it is possible to detect changes within the evanescent field. A resonant mirror
immunosensor was used for detecting S. aureus at 10’cells/ml within 5 min (Watts et al.,
1994). The use of the resonant mirror biosensor for direct and rapid detection of DNA-
DNA hybridization was also demonstrated, with the lowest detectable concentration of
target oligonucleotide (40-mer) being 9.2 nM (Watts et al., 1995).

Schneider etr al. (1997) described an evanescent wave interferometer that used a
single planar wave of polarized light. Light from a diode laser source was coupled into
the waveguiding film as a single broad beam. The light then passed through multiple
sensing regions on the surface of the chip. An array of integrated optical elements was

used to combine light passing through adjacent regions that were functionalized with
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specific or non-specific receptors. Using this technique it was possible to directly detect
Salmonella Typhmurium in the range of 5x10® CFU/ml with a detection time of 5 min.
The main advantage of the above techniques is their short detection time, however this is
compromised by their severe lack of sensitivity.

2.1.4.2.3 Piezoelectric biosensors

Piezoelectric (PZ) biosensor systems, in principle, may be used for direct label-free
detection of bacteria (Babacan et al., 2002; Zhou et al., 2002; Lin and Tsai, 2003; He and
Liu, 2004; Kim et al., 2004). This technology offers a real-time output, simplicity of use,
and cost effectiveness. The theoretical basis of piezoelectricity is based on coating the
surface of the PZ sensor with a selectively binding substance, for example, antibodies to
bacteria, and then placing it in a solution containing bacteria. The binding of bacteria to
the antibodies will increase the mass of the crystal while proportionally decreasing the
resonance frequency of oscillation.

PZ immunosensors were developed for Vibrio cholerae (Carter et al., 1995),
Salmonella Typhimurium (Babacan ef al., 2002), L. monocytogenes (Jacobs et al., 1995).
A technique using a QCM sensor coated with a thin culture medium film was also
developed and applied to determine Staphylococcus epidermidis in the range of 10>-10’
cells/ml (Bao et al., 1996). However, the PZ membrane was not strong enough to
withstand several autoclavings. Prusak-Sochaczewski et al. (1990) developed a QCM
biosensor for the detection of S. Typhimurium wherein the coated crystal was stable for
six to seven assays. For repeated use, the bound bacteria were removed from the crystal
by washing with 8 M urea. A flow-injection system, based on a PZ biosensor was also
developed for detection of S. Typhimurium by immobilizing anti-Salmonella spp.

antibody onto a gold-coated quartz crystal surface (Ye ef al., 1997). The biosensor had
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responses of 23-47 Hz in 25 min with a dynamic detection range of 5.3x10° to 1.2x10°
CFU/ml.

Possible limitations of PZ technology include the lack of specificity, sensitivity, and
interferences from the liquid media where the analysis takes place. Disadvantages of PZ
sensors are the relatively long incubation time of the bacteria, the numerous washing and
drying steps, and the problem of regeneration of the crystal surface. Regeneration of
crystals may not be an issue if small crystals can be manufactured at low cost so that

disposable transducers are economically feasible.

2.1.4.2.4 Electrical impedance biosensors

Microbial metabolism usually results in an increase in both conductance and
capacitance, causing a decrease in impedance. Therefore, the concepts of impedance,
conductance, capacitance, and resistance are different ways of monitoring the test system,
and are all inter-related (Silley and Forsythe, 1996; Milner et al., 1998). The relationship
between impedance (Z), resistance (R), capacitance (C), and frequency (f) for a resistor
and a capacitor in series is expressed as follows (Bataillard et al,

1

1988): Z2 = R? + .
(27/C)

. Impedance is usually measured by a bridge circuit, with a

reference module that measures and excludes non-specific changes in the test module.
The reference module serves as a control for temperature changes, evaporation, changes
in amounts of dissolved gases, and degradation of culture medium during incubation.
This method is well suited for detection of bacteria in clinical specimens, to monitor
quality and detect specific food pathogens, also for industrial microbial process control,
and for sanitation microbiology (Swaminathan and Feng, 1994; Silley and Forsythe,

1996). This technique has been used for detecting microbial metabolism (Dezenclos et
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al., 1994; Palmgqyvist et al., 1994), and for detecting the concentration and physiological
state of bacteria (Desilva et al., 1995; Dupont et al., 1996; Ehret et al., 1997). Current
instruments usually detect active metabolizing bacteria when 10°~107 cell/ml are present
in the culture media. Applied to bacterial detection in urine, concentrations of 10°
cells/ml can be detected using the impedance technique with a detection time of 2.5 h.

A biosensor for real-time monitoring of concentration, growth, and physiological
state of cells in culture media was proposed by Ehret et al. (1997). This biosensor was
based on impedance measurement of adherently growing cells on interdigitated electrode
structures. Cell density, growth, and long-term behavior of cells on the electrodes
changed the impedance of the biosensor due to the insulating property of the cell
membrane. The presence of intact cell membranes on the electrodes and their distance to
the electrodes determined the current flow, and thus the sensor signal. The biosensor
provided information about spreading, attachment, and morphology of cultured cells. A
similar detection principle was used by Radke and Alocilja (2005) to develop a high-
density microelectrode array biosensor for detection of E. coli O157:H7. One
disadvantage of using the impedence method is most analyses takes 20-25 h to complete.

2.1.4.2.5 Fluorescence labeled biosensors

Microorganisms are immunogenic due to the presence of proteins and
polysaccharides in their outer coats. This permits the development of immunoassay
techniques for bacterial detection. In fluorescent immunoassays (FIA), fluorochrome
molecules are used to label antibodies. The fluorochrome absorbs short-wavelength light
and then emits light at a higher wavelength that can be detected using fluorescent
microscopy. Fluorescein isothiocyanate and rhodamine isothiocyanate-bovin serum

albumin are the most common fluorochromes used to tag antibodies. Direct and indirect
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detection methods are used to test bacteria-containing samples (Colwell et al., 1985;
Donnelly and Baigent, 1986; Brayton et al., 1987, Kaspar and Tartera, 1990). Food
samples tested by FIA are typically from enrichment cultures because of insufficient
bacterial numbers in the original sample to be directly detected, and interference caused
by food particulates that produces background fluorescence. Identification of bacteria by
fluorescent immunoassays (FIA) takes advantage of the high degree of specificity
inherent in the immunological reaction.

An immunomagnetic assay system (IMAS) was developed for detection of virulent
bacteria in biological samples (Yu and Bruno, 1996; Vernozy-Rozand et al., 1997). The
IMAS consisted of a magnetic separator for capturing the antigen, and an
electrochemiluminescent detector. The IMAS was cc.)upled to a flow cytometer and a
continuous fluorimeter. This approach, like other chemiluminescence techniques, offered
high signal-to-background ratios, and was comparable in sensitivity to radioisotopic
methods. It had an advantage over other chemiluminescence techniques of being initiated
by a voltage potential, and thus providing better-controlled luminescence (Yu and Bruno,
1996). The total assay time was one hour. The sensitivity of the IMAS for Bacillus
anthracis spores, E. coli O157:H7, and S. Typhimurium detection was approximately 100
cells/ml in phosphate buffered saline (PBS) and 1000 cells/ml in biological samples.
Decreased sensitivity of the IMAS detection in biological samples was due to sample
interference.

2.1.4.2.6 Flow immunosensors

Most microbial assays are currently based on solidphase enzyme-linked
immunoassays (ELISA) using microtitration plates. This is a powerful analysis tool used

in biomedical research due to its high reproducibility and possibility to simultaneously
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conduct a large number of assays (Hock, 1996). However, disadvantages of
heterogeneous ELISA methods include the small sample volume (200 pl) that the
microtitration plate holds and the long incubation time required for each ELISA step.
Also, the sensitivity of ELISA methods is insufficient for direct measurement of bacteria
and other microorganisms in the original samples. Because low numbers of pathogenic
bacteria are often present in a biological sample, an analytical standard often used for
pathogenic bacteria is to detect cells in 25 g of food (Wyatt, 1995; Food and Drug
Administration, 2000). Therefore, in order to increase assay sensitivity, it would be
desirable to concentrate the bacteria into a smaller volume prior to the assay or by
growing a single cell into a colony. Several possible formats for concentrating cells in
analytical systems were described by Wyatt (1995). The most attractive technique for the
concentration of bacteria is membrane filtration in conjunction with flow systems
(Duverlie et al., 1992; Paffard et al., 1996; Abdel-Hamid et al., 1999a). This procedure,
called the flow immunofiltration assay, can be an excellent alternative to traditional
ELISA for detection of bacterial pathogens, because it not only overrides the effects of
diffusional limitations, but also allows the concentration of bacteria on the membrane by
filtering a large volume of the sample. Heterogeneous flow immunofiltration assays offer
extremely accelerated binding kinetics (Morais et al., 1997) due to high surface area to
volume ratio, and the flowing stream actively bringing the sample in contact with the
solid-phase antibody. Paffard et al. (1996) developed an apparatus for use in an enzyme
linked immunofiltration assay (ELIFA) for the detection of E. coli. Quantitative bacterial
detection was based on precipitated chromogen determined by scanning densitometry,

and the ELIFA method was capable of detecting 10° bacterial cells within 40 min.
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Another flow injection immunosensor, developed for the determination of E. coli in
artificially contaminated food samples (Bouvrette and Luong, 1995), was based on direct
noncompetitive heterogeneous immunoassay of E. coli cells with an antibody column and
a fluorescence detector. The advantage of this method was that bacterial concentrations
could be determined without using any labeled compounds through the direct detection of
the cell’s B-D-glucuronidase activity. However, the detection limit for E. coli was on the
order of 5x10’ CFU/ml, which is less than the detection limit of the standard ELISA
procedure for microbial cells (typically 10° CFU/ml).

Another promising format of immunoassay is based on the use of flow injection
systems and antibody coated magnetic particles. This technique can be easily automated,
the analyses performed quickly and continuously, and the renewal of the sensing surface
of immunosensor was easily accomplished. The system has been applied to detect E. coli
0157 and S. Typhimurium (Brewster et al., 1996; Gehring et al., 1996; Yu and Bruno,
1996; Vernozy-Rozand et al., 1997; Brewster and Mazenko, 1998; Perez et al., 1998).
This approach, though expensive, offers a number of advantages over the ELISA,
including greater antibody binding capacity, higher sensitivity, reduction of assay time,
and simpler operation.

2.1.4.2.7 Genomic sensors

The detection of specific DNA sequences provides the basis for detecting a wide
variety of bacterial pathogens. Gene probes have been used in the detection of disease-
causing microorganisms in water supplies, food, and in plant, animal or human tissues
(Scheu et al., 1998; Simpkins et al., 2000; Eun et al., 2002; Wang and Yeh, 2002;

Jackson et al., 2004; Kotlowski et al., 2004). The original DNA hybridization test for
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bacteria in foods used a radioactively labeled probe (Feng, 1992). The main disadvatages
of radiolabelled probes are the short-shelf life of P**-labelled probes, high cost, hazards,
and disposal problems associated with radioactive waste. The limitation of nucleic acid
probes is also a problem associated with cultivating bacteria to a detectable level.
Hybridization requires the presence of at least 10°~10° bacteria in the sample to obtain a
positive signal. Therefore, without pre-enrichment of the target organism, direct DNA
hybridization approach does not provide the required sensitivity to detect bacteria at
required levels (Tietjen and Fung, 1995). However, PCR extremely enhances the
sensitivity of DNA probes, at least three orders of magnitude. To date, only methods
involving PCR have been employed to detect foodborne pathogens. Bacteria can be
detected directly, without cultivation, by extraction and isolation of nucleic acids from
real samples, followed by hybridization with specific probes. Without any enrichment
steps, the PCR method could detect less than 40 CFU/g of a given food sample (Tietjen
and Fung, 1995). Alternative ways to detect nucleic acid hybridization by using non-
radioactive labeled probes have been developed (Bruno and Kiel, 1999; Liu et al., 2000;
McKillip and Drake, 2000; Seo et al., 2004).

Two aims of DNA-based biosensor development should be emphasized: a) an
improvement over conventional nucleic acid assay performance, and b) the design of
special gene probe techniques for special applications under special conditions. Based on
the nature of the physical detection principle used in the transducer, genosensing systems
can be classified as optical, gravimetric, and electrochemical. The principles of these

transducer systems have been described above.
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Evanescent wave methods of total internal reflection fluorescence (TIRF) (Graham
et al., 1992) and LAPS (Lee et al., 2000) were described as labeling methods for DNA
assays. Direct (label-less) gravimetric monitoring of hybridization reactions has been
demonstrated with SPR (Kai et al., 2000; Wang et al., 2004b) and piezoelectric acoustic
wave devices (Zhou et al., 2002; He and Liu, 2004). The Biacore system (Biacore
International SA, Neuchitel, Switzerland) is a commercially available optical sensor
based on evanescent wave technology that has been used for the detection of DNA-DNA
interactions (Kai et al., 2000; Jongerius-Gortemaker et al., 2002; Wang et al., 2004b).
The system uses SPR that arises in thin metal films under conditions of total internal
reflection. In the sensing element of this instrument, a gold transducer surface is modified
with a dextran matrix on which the biological probe is immobilized. Oligonucleotides are
introduced within a fluid flow system. Hybridization is carried out at room temperature,
and positive signals are obtained within several minutes (Jongerius-Gortemaker et al.,
2002).

Several electrochemical DNA biosensors have been developed (Cai et al., 2002,
Kerman et al., 2002; Cai et al., 2003a; Li and Hu, 2004; Wong and Gooding, 2005).
Electrochemical detection of DNA hybridization usually involves monitoring of a current
response resulting from the Watson—Crick base-pair recognition event, under controlled
potential conditions. The probe-coated electrode is commonly immersed into a solution
of a target DNA whose nucleotide sequence is to be tested. When the target DNA
hybridizes, a duplex DNA is formed at the electrode surface. DNA hybridization is then
detected via the increased current signal of an electroactive indicator (DNA intercalator)

(Kerman et al., 2002), the use of enzyme labels or redox labels (Napier et al., 1997; Ju et
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al., 2003), or from other hybridization-induced changes in electrochemical parameters
(for example, capacitance or conductivity) (Cai et al., 2003b; Wei et al., 2003).

Two types of hybridization are currently used: (i) pseudo-homogeneous
hybridization, which can be achieved in systems with high surface-to-volume ratio, such
as porous membranes and highly dispersed immobilization carriers; (ii) solid-phase
hybridization, which is preceded by transfer to a membrane. The main disadvantage of
solid-phase relative to pseudo-homogeneous hybridization is the longer time required and
the need for several manipulations (Aubert et al., 1997). The DNA hybridization method
is expensive, complicated (multistep assay), time-consuming, and requires trained
personnel to perform. There is also a problem of false amplifications from dead cells
when testing samples subjected to sterilization/sanitization treatments.

Each biological sensing element and transducer has its advantages and limitations.
The focus of the current research will be to develop a versatile biosensor platform using
different biological sensing elements and transducer systems. This will demonstrate the
potential for future development of a biosensor system which can employ multiple
biological sensing elements and transducer systems to provide a self-validating device
with built-in output redundancy. This would be helpful in applications where a low
probability of false positives and negatives is a must, for example, for bioterrorism
countermeasures. One of the key stages of the biosensor development will involve the

immobilization of the biological sensing element.
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2.2 IMMOBILIZATION TECHNIQUES

The immobilization of the desired biological sensing element such as enzyme,
antibody, and DNA probe is a key step in biosensor development. When the biological
material produces the physicochemical changes in close proximity to a transducer, it can
be successfully detected. Immobilization not only helps in achieving the required close
proximity of the biomaterial with the transducer but also in stabilizing it for possible
reuse. The biological material can be immobilized directly on the transducer or, in some
cases, in membranes, which is subsequently mounted on the transducer. Biological
materials can be immobilized either through adsorption, entrapment, covalent binding,
cross-linking, or a combination of all these techniques (Hock, 1996; Cosnier, 1998; Thust
et al., 1999; Berney et al., 2000; Cai et al., 2004). Selection of a technique and platform
depends on the nature of biological material, nature of substrate that produces the

physicochemical change, and configuration of the transducer used.

2.2.1 Enzyme Immobilization
Enzymes have normally been immobilized either by covalent binding, through

physical adsorption, or by cross-linking. Physical immobilization, a simple and easy
method, is the adsorption of enzymes onto solid supports (for example, biosensor
platform). The enzyme is dissolved in solution, and the solid material is in contact with
the enzyme solution for a fixed period of time. The unadsorbed enzyme is then removed
by washing with a buffer. The adsorption mechanisms are governed by electrostatic
attraction, hydrophobic interaction, and van derWaal’s forces (Choi, 2004). This method
is simple, mild, and causes little or no enzyme inactivation; hence, the enzyme activity is

maintained, and the sensitivity of the biosensor will be higher.
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Various enzymes have been entrapped within cross-linked organic or inorganic
polymers. The preparation is done by cross-linking of the polymer in the presence of the
enzyme; thus, the enzyme can be physically entrapped in the micro-pores of the natural
or synthetic polymer (Koronczi et al., 2001; Ivekovic et al., 2004). The size of the pores
is small, and this can prevent larger enzyme from leaching but allows small analytes to
pass through to react with the entrapped enzyme (Kuswandi ef al., 2001). When covalent
binding or cross-linking is used for enzyme immobilization, the enzyme needs to be
bound without significantly affecting its conformational flexibility, since minor
alterations in conformational changes on binding a ligand to a protein molecule can often
be used as a criteria in analytical determinations (Bonnington et al., 1995). Glycoprotein
enzymes such as glucose oxidase, peroxides, and invertase have been covalently bound
via their carbohydrate moiety (Melo and Dsouza, 1992; Husain and Jafri, 1995)
preventing the chemical modification of functional groups in the protein moiety of the
enzyme. Entrapment and adsorption techniques are also useful when cells or cellular
organelles are used (Doktycz et al., 2003; Li et al., 2004). Novel sol-gel synthetic
techniques have been developed to immobilize enzymes in stable, optically transparent
matrices (Lobnik and Cajlakovic, 2001). The enzyme is added to the sol-gel solution.
After the sol-gel has been gelled, the enzyme will be entrapped within the polymeric
network of the porous gel (Wolfbeis et al., 2000). Enzyme-based sol-gel biosensors have
been developed for detection of glucose (Zaitoun, 2005), hydrogen peroxide (Wang et al.,
2004a; Xu et al., 2004), cholesterol (Shi et al., 2005), and creatinine (Pandey and Mishra,
2004). Gelatin has also been used as a natural polymeric support (Deshpande et al., 1986;

Svitel et al., 1998). However, the method often followed with gelatin is cross-linking
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using glutaraldehyde (GA), which is known to inactivate some of the enzymes requiring
amino groups for activity.

Chemical immobilization of enzymes can be achieved by covalently bonding the
enzymes to functionalized solid materials or intermolecular cross-linking of the
biomolecules. The binding of the enzymes to the solid support is achieved by activating
the surface of the support, followed by coupling of the enzyme to the activated surface.
The excess and unreacted enzymes are removed by washing with a buffer. Cyanuryl
chloride (2,4,6-trichlorotriazine) is a versatile reagent that has been used for the
activation of surfaces containing hydroxy groups and subsequent immobilization of
enzyme layers. Similarly, solid surfaces can be functionalized to carboxylic acid or amino
groups with subsequent attachment with enzymes. The enzyme is coupled with the amino
residues surface by glutaraldehyde (Choi, 2004). In general, this technique provides
permanent and stable attachment of enzyme molecules to the support, leading to longer
shelf life and stable biosensors; however, the enzymatic activity often is not as good as in
case of immobilized enzymes prepared by physical immobilization as some of the

enzymes are prone to be deactivated in the coupling reaction (Kuswandi ef al., 2001).

2.2.2 Antibody Immobilization

Antibody immobilization is a vital step in successful development of an
immunosensor. The immobilization method must preserve the biological activity of the
antibody and enable efficient binding. These methods can be grouped into three main
categories: (1) adsorption; (2) immobilization via entrapment in acrylamide membranes
(Ye et al., 1997; Vikholm, 2005); and (3) immobilization via glutaraldehyde (GA) and
other cross-linking agents (Bhatia et al., 1989; Narang et al., 1997; Nashat et al., 1998;

Slavik et al., 2002; Radke and Alocilja, 2005).
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Attachment of antibodies on quartz or glass can be achieved by simple adsorption;
however, the immobilized proteins suffer partial denaturation, and tend to leach or wash
off the surface (Bhatia et al., 1989; Huang et al., 2004; Zhou and Muthuswamy, 2004).
Also, this approach does not provide permanent attachment because the complex is
weakly bound to the solid support by adsorption.

The selection of an effective method for a particular biosensor requires a detailed
study of different immobilization methods. For example, when selecting a method for
piezoelectric biosensors, the approach should address: (1) the best biological material for
immobilization; (2) the optimum immobilization parameters for the highest yield and
reproducibility of the attached layer on the crystal; and (3) the effect of the
immobilization layers on the frequency and surface characteristics of the quartz crystal
(Babacan et al., 2000). The results of these individual studies can then be combined to
select the best method for the particular application.

Two methods have been reported to have the best potential for use in piezoelectric
flow injection analysis (FIA) system, immobilization on a precoated crystal with
polyethylenimine (PEI) (Ye et al., 1997; Lin and Tsai, 2003; Tsai and Lin, 2005), and
immobilization through Protein A coupling (Boltovets er al., 2002; Su and Li, 2005)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>